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Abstract
Metal oxide semiconductors such as ZnO have attracted much scientific attention due their
material and electrical properties and their ability to form nanostructures that can be used in
numerous devices. However, ZnO is naturally n-type and tailoring its electrical properties
towards intrinsic or p-type in order to optimise device operation have proved difficult. Here, we
present an x-ray photon-electron spectroscopy and photoluminescence study of ZnO nanowires
that have been treated with different argon bombardment treatments including with monoatomic
beams and cluster beams of 500 atoms and 2000 atoms with acceleration volte of
0.5 keV–20 keV. We observed that argon bombardment can remove surface contamination
which will improve contact resistance and consistency. We also observed that using higher
intensity argon bombardment stripped the surface for nanowires causing a reduction in defects
and surface OH– groups both of which are possible causes of the n-type nature and observed a
shift in the valance band edge suggest a shift to a more p-type nature. These results indicate a
simple method for tailoring the electrical characteristic of ZnO.
Supplementary material for this article is available online
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1. Introduction
ZnO is a metal-oxide semiconductor with a wide band gap of
3.37 eV and properties that include high transparency, a large
5 Author to whom any correspondence should be addressed
Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
piezoelectric constant, room temperature ferromagnetism,
thermal and mechanical stability and the ability to form
numerous nanostructures [1, 2]. These properties have led to
ZnO nanostructures being used in a number of devices includ-
ing field effect transistors, gas, chemical and bio sensors,
LEDs, and solar cells. [2–4] In order for these devices to oper-
ate efficiently the electrical properties of the ZnO must be
optimised. However, ZnO is naturally n-type which makes it
difficult to dope into p-type or even an intrinsic state, therefore
limiting the efficiency of devices and the potential applications
of ZnO.
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A number of groups have carried out surface modifications
to ZnO nanowires including Liu et alwho observed that cover-
ing ZnO nanowires with PMMA reduced defects at the surface
that caused surface charge and n-type behaviour [5]. While a
study published by Richters et al observed similar effects by in
casing ZnO nanowires in Al2O3 [6]. Recent work by Dastjerdi
et al used hydrogen plasma to passivate surface states of ZnO
nanowires and caused a reduction in defects observed with
photoluminescence (PL) [7]. Other work carried out by Allen
et al has shown that reactive oxygen species at the surface can
influence the electrical properties and contact type [8, 9]. Their
work has also shown it is possible to alter the surface band
bending by depositing aryldiazonium salt using electrochem-
istry and annealing and therefore shifting ZnO towards a more
intrinsic behaviour [10].
In our previous work we used argon bombardment to strip
the surface of ZnO nanorods and nanosheets and observed a
shift from near ohmic to rectifying contacts when carrying
out nanoscale 2 point probe suggesting a shift from n-type
towards p-type [11, 12]. We also observed a reduction in the
deep level emission (DLE) peak of the PL spectra suggesting
the defects are related to the n-type nature of ZnO and that
they are situated at the near surface. Recent work by Kennedy
et al involving electron microscopy—cathodoluminescence
has also suggested that defects such has oxygen vacancies are
situated at the near surface of ZnO nanowires [13].
Here we have carried out XPS on an array of ZnO
nanowires and carried out argon bombardment in situ to meas-
ure chemical changes and to measure any shift in the valance
band to confirm our previous works assumption that remov-
ing defects by surface stripping can shift ZnO nanowires from
n-type towards intrinsic.
2. Method
ZnO nanowires arrays where synthesised on Si wafers with a
native oxide that had been cleaned using sonication in acetone
and isopropanol. The ZnO seed layer was deposited by spin
coating a 54 mM solution of zinc acetate, seven layers where
deposited and after each coating the sample was annealed at
60 ◦C for 5 min and finally the substrate was annealed at
360 ◦C to ensure all the acetate has converted to zinc oxide.
For the nanowire growth, the coated substrate was floated seed
layer down in a 500 ml solution containing 3.62 g zinc nitrate
and 1.50 g hexamine at 90 ◦C for 6 h [14]. The sample was
then rinsed in DI water and allowed to dry in air. The sample
was then scored using a diamond scribe into seven 3 × 3 mm
areas.
The sample was loaded in a Kratos Axis Supra XPS
equipped with a Minibeam 6 gas Cluster Ion Source, base
pressure ∼10−9 mbar. XPS spectra were collected on each
of the seven marked areas before and after argon bombard-
ment with each area subjected to a different treatment in terms
of dose, power and type (cluster versus monoatomic beams).
One area was not treated with argon to act as a control, one
area was treated with a 2000 atom cluster beam accelerated at
5 keV (here after referred to as 5 keV Ar+2000), three areas
where treated with a 500 atom cluster beam with accelera-
tions of 5 keV (here after referred to as 5 keV Ar+500), 10 keV
(here after referred to as 10 keV Ar+500) and 20 keV (here
after referred to as 20 keV Ar+500), and the final two areas
where treated with a monoatomic beam with accelerations of
0.5 keV and 5 keV (here after referred to as 0.5 keV Ar+Mono
and 5 keVAr+Mono, respectively). The order listed here ranges
from least to most aggressive in terms of etching power, with
larger cluster being less aggressive due to energy being dis-
tributed to each atom in the cluster, i.e. each argon atom in a
500 cluster at 20 keV would have an energy of 0.04 keV [15].
After argon treatment each area of the sample was
characterised using a Hitachi S4800 SEM and PL using
a 325-nm wavelength He-Cd laser and an Ocean Optics
USB2000+ spectrometer.
3. Results and discussion
SEM images (figure 1) of the as grow nanowires show that
they are of hexagonal form with a wide range of diameters.
Measurement across the top facet using the SEM’s inbuilt
measuring tools from multiple areas across the sample indic-
ated the nanowires diameters generally ranged from 40 nm to
300 nm, although some may be significantly smaller than this.
The SEM images show that there is no apparent change to the
nanowire surfaces in the areas that have be subjected to cluster
argon bombardment. Figure 2(b) does show some darkening
on one nanowire which could indicate potential damage, how-
ever, we can find no other damage in the SEM images from
this treatment and therefore attribute it to a growth defect or
electron shadowing. In contrast, both areas treated with the
monoatomic beam show potential damage indicating that the
surface has been stripped by the bombardment. These areas
are indicated by green squares.
Argon bombardment is often used to remove surface con-
tamination [16] and in our previous work we suggested that
the surface stripping of ZnO nanostructures by argon bom-
bardment changed the electronic structure by reducing the
n-type donors and we observed a shift from ohmic to Schot-
tky contacts. X-ray photon-electron spectroscopy (XPS) can
show chemical and electronic changes in samples and has
been used here to characterise the ZnO nanowires before and
after each treatment. Here XPS scans have been recorded
before and after each argon treatment including a survey scan,
figure 2(a)), and detailed scans of the Zn 2p, O 1s, Ar
2p, C 1s, Si 2p, Zn LMM at ∼ 990 eV KE, and the
valence band edge. The survey scans show no observ-
able deviation all chemical elements remain after Ar
bombardment and the composition is shown in table S1
(https://stacks.iop.org/NANO/31/505705/mmedia) in the sup-
plemental information. Si 2p was scanned to ensure there was
no contribution from the native oxide of the silicon substrate.
The XPS scans are shown in the supplemental information and
show that no silicon was present. The scans for Ar 2p (supple-
mental information, figure S1) also did not show the presence
of argon after bombardment indicating that the argon had not
been incorporated into the structure. The Zn (LMMA) scan
2
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Figure 1. SEM images of ZnO nanowires (a) as grown and after argon bombardment at (b) 5 keV Ar+2000, (c) 5 keV Ar+500, (d) 10 keV
Ar+500, (e) 20 keV Ar+500, (f) 0.5 keV Ar+Mono and (g) 5 keV Ar+Mono. White squares highlight potential areas of damage.
(supplemental information, figure S1) shows argon treatment
did not alter significantly alter the nanorods from ZnO to Zn
metal.
In our previous work we attribute the improvement in con-
tact consistence to the removal of adventitious carbon by argon
bombardment. [11, 12] table 1 shows that the carbon percent-
age before argon treatment ranged from 16% to 29%, depend-
ing on the location on the substrate. The shape and position
of the C 1s peak did not shift after argon bombardment, how-
ever, from table 1 the quantity of carbon reduced in line with
the dose. The 5 keV Ar+Mono treatment, show in figure 2(b)
reduced the carbon from 17% to 4% while the 5 keV Ar+2000
resulted in a reduced from 17% to 10%.
Before treatment, the O 1s peak (figure 2(c)), had a primary
peak centred at 530.8 eVwhich is attributed to metal oxide and
three smaller peaks which we attribute to surface oxygen spe-
cies: OH–, H2O and C-O groups centred at 532.2 eV, 533.2 eV,
534.1 eV (labelled at S1, S2 and S3 in figure 2(c) [9, 17–21].
For all sample areas, after argon bombardment, the C-O com-
ponent was reduced to the background and the H2O compon-
ent was not significantly altered, as indicated in the inset of
figure 2(c)). Table 1 shows that argon bombardment with the
cluster modes did not significantly alter the percentage OH– of
the total O 1s, however, the mono beam resulted in the reduc-
tion of OH– groups on the surface of the ZnO nanorods. It can
also be seen from the inset in figure 2(c) that there is a shift
in the position of the O 1s from 530.8 eV to 530.5 eV (figure
S2 in the supplemental information shows a enlarge version of
this inset with dashed lines to indicate the Fermi shift).
It has been suggested that reduction in the OH– ions will
result in a shift of the valance band and Fermi level to lower
energy, resulting in upwards band bending and a shift from n-
type to intrinsic ZnO [8–10]. Here the valence band has been
scanned from 0 eV to 10 eV and the band edge fitted with
a step-down function and the x-axis intercept was found by
applying two tangents, as shown in figure S3(b) (see supple-
mentary material). It can be seen from the scans in figure S3
and table 1 that argon bombardment with the clusters source
did not significantly alter the position of the valence band
edge, at 3.3 ± 0.1 eV. From table 1, it is clear that the treat-
ment with 0.5 KeV Ar+Mono caused a visible shift of 0.2 eV
in the valence band edge, towards lower binding energy. The
higher-powered treatment of 5 KeV Ar+Mono results in a big-
ger shift towards lower binding energies of 0.3 eV, as shown in
figure 2(d)). It was also observed that there was a Fermi shift
of the oxygen peak to lower binding energies. This indicates
there is upwards band bending for the ZnO nanowires from
n-type towards intrinsic.
In our previous work we observed upwards band bending
after the ZnO nanorods had been treated with argon bombard-
ment resulting in a shift from Ohmic to Schottky contacts
[11, 12]. We also observed with PL that the height of the DLE
peak relative to the near band edge (NBE) also decrease with
argon bombardment. Therefore, PL was also carried out on
3
Nanotechnology 31 (2020) 505705 C J Barnett et al
Figure 2. XPS scans of ZnO nanowires. (a) wide survey scans before and after 5 keV Ar+Mono (offset by 1) and 5 keV Ar+500 (offset by 2)
(b) carbon 1s peak scans before and after 5 keV Ar+Mono, (c) oxygen 1s with fitted components, envelope and background before treatment
with the inset showing the raw data before and after 5 keV Ar+Mono and (d) valence band edge before and after 5 keV Ar+Mono.
Table 1. Atomic percentage carbon, OH– as a percentage of total oxygen and valence band (VB) edge position before and after each
treatment of argon bombardment.
Treatment C before% C after% OH– before (% total O) OH– after (% total O) VB before (eV) VB after (eV)
As grown 17 ± 1 – 23 ± 1 – 3.3 ± 0.1
5 keV Ar+2000 17 ± 1 10 ± 1 24 ± 1 22 ± 1 3.3 ± 0.1 3.3 ± 0.1
5 keV Ar+500 29 ± 1 20 ± 1 22 ± 1 22 ± 1 3.2 ± 0.1 3.3 ± 0.1
10 keV Ar+500 22 ± 1 11 ± 1 23 ± 1 22 ± 1 3.3 ± 0.1 3.3 ± 0.1
20 keV Ar+500 16 ± 1 4 ± 1 23 ± 1 24 ± 1 3.4 ± 0.1 3.4 ± 0.1
0.5 KeV Ar+Mono 19 ± 1 10 ± 1 22 ± 1 19 ± 1 3.3 ± 0.1 3.1 ± 0.1
5 KeV Ar+Mono 17 ± 1 4 ± 1 20 ± 1 15 ± 1 3.3 ± 0.1 3.0 ± 0.1
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Figure 3. Normalised PL spectra of ZnO nanowires before and
after argon bombardment. Error bars show standard deviation
calculated at 595 nm.
each area that has been treated and the control area. In each
area three spectra were taken, then normalised to theNBE peak
and averaged. The PL spectra are shown in figure 3.
The NBE peak before argon bombardment was centred at
378 nm and the DLE peak has a main component centred
at 595 nm as well as other components centred at 640 nm,
690 nm, and 765 nm. It should be noted that the relative differ-
ence in normalised intensity between the NBE peak and DLE
on the samples measures here is considerably larger than that
observed in our previous work [12, 22]. As the growth method
is the same apart from the use of a spin coated zinc acetate seed
layer annealed to convert to ZnO here compared to a ZnO PVD
seed layer in our previous work, we suggest that the seed layer
can have a significant effect on the observed defects.
Argon bombardment with the cluster modes did not signi-
ficantly alter the relative intensity or shape of the DLE peak.
It should be noted DLE peak of the 10 ke V Ar+500 sample
is slightly higher than the other peaks, however, this is with
the range of variance across the sample and is in line with the
uncertainty in our previous work and is therefore not consider
significant [11]. However, it can be seen from figure 3 that
treatment with the monoatomic source causes the DLE peak
to reduce relative to the NBE peak, with the more aggressive
etch of 5 kV resulting in a reduction in the DLE peak to NBE
peak ratio from 40:1 to 18:1. A similar result has been repor-
ted be Chen et al who used argon ion milling to bend ZnO
nanowires and attribute their observation to the passivation of
surface trapping sites during low energy Ar+ milling [23].
There had been much debate in published literature over
the origins of the DLE peak components and their links to
defects, including the role of zinc and oxygen vacancies, inter-
stitials, hydrogen impurities and density of states confinement
effects [24–31]. Trends in the literature suggest components
situated at ∼595 nm and ∼640 nm are caused by charged
oxygen vacancies which are considered to be donor defects
[24–27, 32–34]. The components centred at ∼690 nm and
∼765 nm have been attributed to oxygen anti-sites and
neutral oxygen vacancies, both considered acceptor states
[27, 31–34].
4. Conclusion
ZnO nanorods have been synthesised hydrothermally and
characterised using with SEM, PL and XPS before and after
argon bombardment. In our previous work [11, 12] we sugges-
ted that argon bombardment removed the surface contamina-
tion which results in improved the consistence for the nano-
scale contacts and reduced the overall measured resistance.
Our results here confirm our assumption and show that argon
bombardment reduces adventitious carbon.
Our work here also shows that high energy bombardment
results in a decrease in defects measured will PL and dam-
ages the nanorod surface as well as causing an observed shift
in the VB edge from 3.3 eV and 3 eV. This indicates upwards
band bending and a shift from n-type to amore intrinsic nature.
This suggests that contact type and the electronic nature of
ZnO can be manipulated using argon bombardment. Further-
more, using Ar surface stripping to first shift n-type ZnO to
intrinsic may allow other processes to convert it to stable p-
type ZnO which has so far been challenging [35]. This will
allow advancements in devices applications and devices such
as light emitting diodes which require p-type ZnO [36].
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